This study examines the occurrence of organophosphate esters (OPEs) in cigarettes and sidestream cigarette smoke and to see the OPE formation characteristics during smoking. All seven OPEs in both gas and particulate phases were measured in sidestream cigarette smoke for four brands of cigarettes. Tributyl phosphate (TBP), tris(2-butoxyethyl) phosphate (TBEP), tris(2-chloroethyl) phosphate (TCEP), and triphenyl phosphate (TPP) were found frequently. Median total OPE increases in the air samples during smoking were 56.2 ng per cigarette for gas-phase OPEs and 2360 ng per cigarette for particulate-phase OPEs. TBP and TCEP could be absorbed to particles in air more readily than alkans as seen from the correlation line between gas-particle partition coefficients (Kp) and the subcooled liquid vapor pressures (PLº) for alkans. Furthermore, TBP was determined in the cigarettes. Median total OPE decreases in the cigarette samples during smoking were 1200 ng per cigarette. The combustion reaction increased TBP and TBEP levels in cigarettes, and particulate-phase TBEP in air appeared to influence the production of TBP, TCEP, and TPP. TBP and TBEP in cigarettes likely affect the production of TBP, TBEP, TCEP, and TPP in air during smoking.
Introduction
Organophosphate esters (OPEs) are a group of chemicals widely used as organic plasticizers, flame retardants, hydraulic fluids, and other industrial products. The use of OPEs as replacements for polybrominated diphenyl ethers and other brominated flame retardants has recently increased (Brommer et al., 2012; Van der Veen et al., 2012) . Global consumption of OPEs was 186 000 tons in 2001 and icreased to 292 000 tons in 2011 (Marklund et al., 2005; Townsend Solutions, 2012) . In this situation, OPEs have been detected in a variety of environments (Kawagoshi et al., 1999; Andresen et al., 2004; Chung et al., 2009; Fries et al., 2011; Shimazu et al., 2013; Salamova et al., 2014; Lai et al., 2015) .
Some of the OPEs show carcinogenic and/or neurotoxic properties. The World Health Organization has listed tris(2-chloroethyl) phosphate (TCEP) and tris(1,3-dichloro-2-propyl) phosphate (TDCPP) as carcinogenic compounds (WHO, 1998) . Tris(2-butoxyethyl) phosphate (TBEP) and tris(2-chloroisopropylethyl) phosphate are also suspected to be carcinogenic (WHO, 1998; WHO, 2000) . TBEP, tributyl phosphate (TBP), TCEP, and triphenyl phosphate (TPP) are considered neurotoxins (WHO, 1991a; WHO, 1991b; WHO, 1998; WHO, 2000) . Triethyl phosphate (TEP) is considered a weak enzyme inhibitor (Gosselin et al, 1984) . The use of OPEs has therefore been restricted in multiple countries. TCEP is shown in the Candidate List of primary concern substances issued by the European Union (European Chemicals Agency, 2009 ). The use of TCEP, TDCPP, and tris(1-chloro-2-propyl) phosphate as flame retardants in toys and children's products is prohibited by the US (TÜV Rheinland Group, 2013) . Shimazu (2016) has reported particulate-phase OPEs in cigarette smoke. Little information, however, is available on OPEs in sidestream cigarette smoke, which mainly affects passive smokers. To evaluate the health effects of OPEs in cigarette smoke, OPE partition between the gas and particulate phases should be elucidated. This study examined the occurrence of OPEs in gas and particulate phases and their gas/particulate partitioning in sidestream cigarette smoke.
In addition, Shimazu (2016) has reported OPEs in the cigarette body prior to smoking. To assess OPE emissions from cigarettes and their formation characteristics during smoking, this study also examined the occurrence of OPEs in cigarettes and cigarette butts.
Materials and Methods

Samples
Four brands of cigarettes were investigated in this study. Tar and nicotine contents were 6-19 mg and 0.5-1.4 mg per cigarette, respectively. OPE concentrations in air and cigarette samples before and after cigarettes had been smoked were measured.
Four air samples were collected before and after cigarettes of brands A-D had been smoked. The air sampling room was 2.5 m high, 5.3 m long, and 5.0 m wide, with a volume of approximately 66 m 3 . Each air sample was collected prior to smoking using a high-volume air sampler (HV-500R; Sibata Scientific Technology Ltd., Souka, Japan) over a period of 1 h at a flow rate of 400 L/min, giving a sampling volume of 24 m 3 . Particulate matter was collected on a quartz fiber filter (QR-100; Advantec, Tokyo, Japan). Particles with diameters of 0.3 μm were taken by the filter with a minimum particle collection efficiency of 99.99% when the air was passed through the sampler at a velocity of 5 cm/s. Gas-phase OPEs were collected on two polyurethane foam plugs (080130-0941A; Sibata Scientific Technology Ltd.) After the initial air samples had been collected, the door and windows of the sampling room were left open for approximately 1 h. The door and windows were then closed, and two cigarettes were smoked in the room. Sidestream smoke samples were collected using the high-volume air sampler over a period of 2.75 h at a flow rate of 400 L/min, giving a sampling volume of 66 m 3 . Particulate-phase OPEs were collected on a quartz fiber filter, and gas-phase OPEs were collected on two polyurethane foam plugs. The filters and polyurethane foam plugs were then analyzed as described below.
OPE levels in cigarettes before and after smoking were also determined. Cigarette samples (before smoking) and butt samples (after smoking) were analyzed. The arithmetic means of the weights of the four brands of cigarettes before smoking (n = 4) were 0.107-0.181 g for the filters and 0.525-0.586 g for the leaves. Cigarette weights after smoking (n = 4) were 0.158-0.285 g for the filters and 0.075-0.078 g for the leaves. Whole filters and leaves of cigarette samples were analyzed as described below. After each brand was smoked, whole filters and leaves of the butt samples were also analyzed.
OPEs
The target compounds were the seven OPEs listed in Table 1 . These OPEs have been frequently detected in multiple environmental media and are known to exert toxic effects. The standard of OPEs were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and diluted with acetone and hexane to produce calibration standards. 
Analytical Methods and Instruments
Each quartz fiber filter was weighed with an electronic balance before and after smoking. Each filter that had been used to sample air after smoking was cut into 16 sections. All sections of the filter were set in 260-mL bottles and extracted with 100 mL of hexane for pesticide residue and polychlorinated biphenyl analysis by Wako Pure Chemical Industries, Ltd. (Tokyo, Japan) for 15 min in an ultrasonic bath. The extract was concentrated to 3 mL with a rotary evaporator, and passed through a disposable filter (Whatman Puradisc 25 TF; GE Healthcare Life Sciences, Maidstone, UK). The extract was then concentrated to 1.5 mL under nitrogen flow.
Finally, 200 μL of internal standard mixture and hexane were added to bring the volume to 2 mL.
Two polyurethane foam plugs were used in each experiment. Each polyurethane foam plug that had been used to sample air after smoking was cut into 16 sections. All sections were set in 260-mL bottles and extracted with 220 mL of hexane for 15 min in an ultrasonic bath. The separate extracts of the two foam plugs were each concentrated to 3 mL with a rotary evaporator and then mixed. Next, the extract was passed through a disposable filter and concentrated to 1.5 mL under nitrogen flow. Finally, 200 μL of internal standard mixture and hexane were added to bring the volume to 2 mL.
Cigarette filters and leaves before and after smoking were analyzed. Each sample was weighed, placed into a cellulose extraction thimble (Whatman high-performance cellulose extraction thimbles; GE Healthcare Life Sciences), and extracted with 100 mL of hexane for 15 min in an ultrasonic bath. The extract was concentrated to 3 mL using a rotary evaporator and passed through a disposable filter device. Next, the extract was concentrated to 1.5 mL under nitrogen flow. Finally, 200 μL of internal standard mixture and hexane were added to bring the volume to 2 mL.
OPEs in the extracts were injected in splitless mode in an HP-5MS capillary column (30-m long, 0.25-mm i.d., 0.25-μm film thickness; Agilent Technologies, Santa Clara, CA, USA) with a gas chromatograph-mass spectrometer (5975B inert XL E/CI MSD; Agilent Technologies). The gas chromatograph was used with a sample volume of 2 μL and an injection port temperature of 250°C. The oven temperature program started at 70°C (held for 1.5 min), and was then increased by 20°C/min to 180°C, followed by an increase of 5°C/min to 280°C (held for 1 min). Helium was used as the carrier gas. The mass spectrometer was operated in electron impact ionization mode and an electron energy of 70 eV. After each analyte was identified using two representative fragment ions, it was quantified using the largest fragment ion. Quantification was performed with an internal standard calibration method using standards containing the seven OPEs shown in Table 1 and three deuterated polycyclic aromatic hydrocarbons (525 Fortification Solution, 48230-U; Supelco, Bellefonte, PA, USA).
Total suspended particulate concentration (μg/m 3 ) was defined as the difference between the weight of the quartz fiber filters before and after air sampling divided by 24 m 3 for a sample collected before cigarettes had been smoked or 66 m 3 for a sample collected after cigarettes had been smoked.
Results and Discussion
Gas-phase and Particulate OPEs in Air Samples
Three gas-phase OPEs were detected in the air samples before cigarettes had been smoked (Table 2) . Gas-phase TBP was detected in seven of the 16 samples; the highest concentration detected was 3.10 ng/m 3 . The total gas-phase OPE concentrations before smoking peaked at 9.72 ng/m 3 .
All seven gas-phase OPEs were detected in the air samples after cigarettes had been smoked (Table 2) . TBP and TCEP were detected in 11 of the 16 samples. TPP was detected in nine samples. The median concentration of TCEP, which was the most abundant gas-phase OPE measured after smoking, was 2.10 ng/m 3 (range: Not detected to 3.67 ng/m 3 ). The median of the total gas-phase OPE concentrations after smoking was 4.77 ng/m 3 (range: Not detected to 16.6 ng/m 3 ). The concentrations of gas-phase OPEs in the air samples were higher after smoking. The medians of these concentration differences before and after smoking were 0.01 ng/m 3 for TBP, 2.10 ng/m 3 for TCEP, and 0.11 ng/m 3 for TPP.
Three particulate-phase OPEs were detected in the air samples before cigarettes had been smoked (Table 3) . TCEP was detected in 11 of the 16 samples. TBP was detected in seven samples, and tris(2-ethylhexyl) phosphate (TEHP) was detected in one sample. The median concentration of TCEP, which was the largest particulate-phase OPE measured before smoking, was 2.35 ng/m 3 (range: Not detected to 6.57 ng/m 3 ). The highest particulate-phase OPE concentration before smoking was 10.8 ng/m 3 .
All seven particulate-phase OPEs were detected in the air samples after cigarettes had been smoked ( Table 4 lists OPE concentrations in cigarette filters before and after smoking. TBP and TBEP were detected in all 16 samples before smoking. TBP was detected in two samples after smoking. Other OPEs were not detected either before or after smoking. The median concentration of TBEP, which was the largest OPE measured before smoking, was 344 ng/g (range: 190-1620 ng/g). The median total OPE concentrations ranged from 356 to 2320 ng/g before smoking, and from non-detectable levels to 448 ng/g after smoking. Table 5 lists OPE concentrations in cigarette leaves. TBP and TBEP were detected in all 16 samples before smoking. TBP was detected in four samples after smoking. Other OPEs were not detected either before or after smoking. The median concentration of TBEP, which was the largest OPE measured before smoking, was 1870 ng/g (range: 329-2810 ng/g). The median total OPE concentrations ranged from 516 to 2950 ng/g before smoking and from non-detectable levels to 1100 ng/g after smoking. OPE concentrations in cigarettes were higher in leaves than in filters. 
OPEs in Cigarettes
Gas-Particle Partitioning of OPEs
Gas-particle partitioning is one of the important factors that affect the fate of semi-volatile organic compounds in environments (Yamasaki, et al., 1982; Pankow, 1987; Lohman et al., 2000) . Gas-particle partitioning of OPEs in air is presented here using the gas-particle partition coefficient (Kp, m 3 /μg) calculated for OPEs determined simultaneously in the gas and particulate phases:
Where F is the particulate-phase concentration of OPEs (ng/m 3 ), A is the gas-phase concentration (ng/m 3 ), and TSP is the total suspended particulate concentration (μg/m 3 ). The mean values of logKp for the OPEs detected in both the gas and particulate phases (n ≥ 5) ranged from −1.79 (TCEP) to −2.24 (TPP) after smoking.
The partition coefficient Kp for a given compound was correlated with its subcooled liquid vapor pressure (PL°, Torr) using the following equation (Liang et al, 1996; Tsapakis et al., 2005; Akyüz, 2010) : logKp = mr × log PL° + br Where mr and br are the slope and the intercept of the regression line, respectively. The relationships between logKp and log PL° before and after smoking are shown in Figure 1 . Median values of the measured data summarized by Sühring et al. (2016) were used as the PL° of OPEs. The dotted line represents the relationship between logKp and log PL° for alkanes by Liang et al. (1996) . The points for low-log PL° OPEs such as TPP lie near the correlation line for alkanes, but the points for high-log PL° OPEs such as TBP and TCEP lie far from the correlation line. High-log PL° OPEs were adsorbed to particles in air more readily than alkanes. These findings show that the low-log PL° OPEs tend to exist in the gas phase, and the high-log PL° OPEs tend to exist in the particulate phase.
OPE Emission Characteristics during Smoking
The emission characteristics for TBP, TBEP, TCEP, and TPP are described here because these OPEs were detected frequently in this study. Figure 2 presents the median contents of these OPEs in air and cigarettes before and after smoking. Levels in air were calculated as the median concentrations multiplied by 24 m 3 for a sample collected before smoking and by 66 m 3 for a sample collected after smoking. Levels in cigarettes were calculated as the median of the cigarette filter concentrations multiplied by the weights times two, plus the median of the cigarette leaf concentrations multiplied by the weights times two. The reason for multiplying by two was that two cigarettes of each brand were smoked during the experiments. Non-detectable levels were treated as zero. The median contents of OPEs before smoking were 223 ng/room per cigarette (TBP), 2130 ng/room per cigarette (TBEP), and 56.2 ng/room for particulate-phase TCEP. Median contents after smoking, however, were much higher (e.g., 348 ng/room for particulate-phase TBP and 4260 ng/room for particulate-phase TBEP). Table 6 lists the correlation coefficients for the relationships between the particulate-phase OPEs after smoking. TBP and TCEP concentrations tended to increase as TBEP concentrations increased. TPP concentrations tended to increase as TCEP concentrations increased. These findings imply that TBP and TBEP concentrations in cigarettes increased with the combustion reaction, and some were transformed to other OPEs and then emitted into air. TBP and TBEP in cigarettes probably affect the production of the OPEs during smoking. 
Conclusions
The OPE concentrations in four brands of cigarettes and their sidestream smoke were examined, and the characteristics of OPE formation during smoking were investigated from the OPE mass balance in the cigarettes and smoke. The results are summarized as follows.
(1) OPE levels in sidestream cigarette smoke before and after smoking were determined in an air sampling room with an approximate volume of 66 m 3 . The medians of total gas-phase and particulate-phase OPE concentrations after two cigarettes were smoked were 4.77 ng/m 3 and 74.2 ng/m 3 , respectively, and the concentrations were higher after smoking. Median total OPE increases in the air samples during smoking were 56.2 ng/cigarette for gas-phase OPEs and 2360 ng/cigarette for particulate-phase OPEs.
(2) The points for high-log PL° OPEs such as TBP and TCEP lie far from the correlation line between gas-particle partition coefficients (Kp) and the subcooled liquid vapor pressures (PL°) for alkanes. High-log PL° OPEs were adsorbed to particles in air more readily than alkanes.
(3) OPE levels in cigarettes before and after smoking were determined. Only TBP and TBEP were detected. The medians of total OPE concentrations before smoking in cigarette filters were 780 ng/g and 1900 ng/g, respectively; concentrations were lower after smoking. Median total OPE decreases in cigarettes during smoking were 1200 ng per cigarette.
(4) The combustion reaction increased TBP and TBEP levels in cigarettes, and particulate-phase TBEP in air appeared to influence the production of TBP, TCEP, and TPP. TBP and TBEP in cigarettes likely affect the production of TBP, TBEP, TCEP and TPP in air during smoking.
